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PURPOSE 

The p r i m a r y  a i m s  of this  investigation a r e  to obtain an  improved  
fundamental  understanding of (1) the phenomena governing the production of 
low work function s u r f a c e s ,  and ( 2 )  the f ac to r s  affecting the quali ty and s t a -  
bil i ty of e l ec t ron  emiss ion  c h a r a c t e r i s t i c s .  It is  expected tha t  the informa-  
tion generated f rom th is  investigation w i l l  be re levant  to var ious  kinds of 
e lectron emiss ion  (i.  e .  , photo,  thermionic  and field e m i s s i o n ) ,  although 
the p r i m a r y  emphas is  wi l l  be placed upon field emis s ion .  
field emis s ion  techniques wi l l  be employed,  a t  l ea s t  in i t ia l ly ,  to obtain the 
objectives of this  work .  

Accordingly,  

The formation of low work function su r faces  w i l l  be accomplished 
by; (1) adsorpt ion of appropr ia te  e lec t ro-pos i t ive  a d s o r b a t e s ,  (2)  co -adso rp -  
tion of appropr ia te  e lectro-posi t ive and e l ec t ro -  negative adso rba tc s  , and 
( 3 )  fabricat ion of e m i t t e r s  of l o w  work function su r faces  f rom various 
metal loid compounds.  Vagious proper t ies  of these  su r faces  to be invest i -  
gated in  o r d e r  to obtain a m o r e  fundamental understanding of them a r e  the 
t e m p e r a t u r e  dependency of the emission and work function, the var ious 
types of ene rgy  exchanges accompanying e m i s s i o n ,  the energy  dis t r ibut ion 
of the field emit ted e l ec t ron ,  and var ious  a spec t s  of the sur face  k ine t ics  
of adsorbed  l a y e r s  such  a s  binding e n e r g y ,  sur face  mobil i ty  and effect  of 
ex te rna l  f ie lds .  

1 



ABSTRACT 

An investigation of the 
t r o n s  has  been per formed in 

total energy  dis t r ibut ion of field emit ted e l ec -  
the t empera tu re  range 77 - 900°K for  five 

different crystal lographic  direct ions of a tungsten field emi t t e r  ~ 

su l t s  obtained genera l ly  confirmed the contemporary  f ie ld  emis s ion  theory  
throughout the range  of t empera tu res  invest igated.  
of the total  energy  dis t r ibut ion of f ield emit ted e l ec t rons  r evea l s  that  band 
s t r u c t u r e  e f f ec t s ,  due to d iscrepancies  f rom the f r e e  e lec t ron  mode l  
general ly  a s sumed  by contemporary field emis s ion  theo ry ,  a r e  observed  
only in  c rys ta l lographic  direct ions exhibiting a F e r m i  sur face  of high rad ius  
of c u r v a t u r e .  A rev iew of existing solid s ta te  m e a s u r e m e n t s  of the band 
s t r u c t u r e  of tungsten indicates  the possibi l i ty  of significant an iso t ropies  
in  the F e r m i  sur face  along the (100) d i rec t ion .  
re inforced  by the anomalous shoulder on the total  ene rgy  dis t r ibut ions about 
.35 ev  below the F e r m i  level  along the (100) d i rec t ions .  

The r e -  

A theore t ica l  d i scuss ion  

These  expectations a r e  

Fowler-Nordheim plots a s  a function of t empera tu re  on s e v e r a l  m a j o r  
planes of a tungsten emi t t e r  were analyzed to give the t e m p e r a t u r e  depend- 
ence of the local  work function. 
both posit ive and  negative tempera ture  coefficients of the work function 
w e r e  obse rved  depending on the  par t icu lar  c rys ta l lographic  p lane .  F o r  
example ,  t empera tu re  coefficients on the (310) ,  (1 12) and (100) planes 
were  -3 .2 ,  -14.3 and -10.9 x 
of 5 . 0  and 3.5 x 

Over  the t e m p e r a t u r e  range 77 - 700°K 

ev /deg  respec t ive ly ,  whereas  values  
ev /deg  were  obse rved  on the (1 16) and (1 11) p lanes .  
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PROGRESS TO DATE 

P r o g r e s s  is  being m a d e  in four gene ra l  a r e a s  of investigation of low 
work function s u r f a c e s  obtained by e l ec t ro  -posit ive me ta l l i c  adsorpt ion on 
tungsten and co-adsorp t ion .  
t r ibut ion;  ( 3 )  su r face  kinet ics  ; (4) work function change on single c rys t a l lo -  
graphic  p lanes .  The investigation of the preceding phenomena each  involves 
different tube embodiments  which have been construct ion and a r e  cu r ren t ly  
being used to obtain r e s u l t s .  P r i o r  to the commencement  of th i s  invest iga-  
tion p re l imina ry  r e s u l t s  were  obtained on var ious  a spec t s  of work function 
change due to ces ium adsorpt ion and cesium-oxygen co-adsorpt ion on 
tungsten.  

They a r e :  (1) emis s ion  heat ing;  (2 )  ene rgy  d i s -  

1 Some of these  r e s u l t s ,  which have been r epor t ed  e l sewhere  , 
have been analyzed in a previous r epor t  2 . 

Measuremen t s  of the energy exchange accompanying field emis s ion  
on c lean  and zirconium-coated tungsten e m i t t e r s  have been completed and 
show str iking deviations f rom theory ,  Although the gene ra l  f ea tu re s  of the 
existing theory  of "Nottingham" emiss ion  heating and cooling w e r e  conf i rmed ,  
ce r t a in  d iscrepancies  were  noted between exper iment  and theory  in  r e g a r d  
to the amount of energy  exchanged p e r  e lec t ron  and the value of the t e m p e r a -  
t u r e  boundary which s e p a r a t e s  emission heating and cooling. The d i sc repan-  
c i e s  between the invers ion  t empera tu res  de te rmined  by m e a s u r e m e n t s  of 
the total  energy  dis t r ibut ion and the Nottingham effect m a y  be due to a p r e -  
ponderance of conduction by holes below the F e r m i  level  a t  e levated t e m p e r a -  
t u r e s .  
not adequate for  descr ibing the Nottingham effect and band s t r u c t u r e  effects  
m u s t  be taken into considerat ion.  

It i s  fu r the r  suggested that the f r e e - e l e c t r o n  model  of tungsten is 

In o r d e r  to shed fur ther  light on the bulk e lec t ronic  p r o p e r t i e s  of 
tungsten,  a detailed investigation of the total  energy  dis t r ibut ion of field 
emi t ted  e lec t rons  has  been completed and descr ibed  in  the c u r r e n t  r e p o r t .  
It w i l l  be shown tha t ,  due to the insensi t ivi ty  of field emit ted e l ec t rons  to the 
specif ic  band s t r u c t u r e  of a m e t a l ,  the f r ee -e l ec t ron  theory  i s  reasonably  
applicable to descr ib ing  field emission phenomena and total  energy  d i s t r ibu -  
t ion in  spite of the fact  that  the bulk e lec t ronic  p rope r t i e s  of tungsten m a y  
show m a r k e d  deviation f rom f ree  e lec t ron  theory .  

TOTAL ENERGY DISTRIBUTION MEASUREMENTS 

The ave rage  energy  of the emit ted e l ec t rons  and the invers ion  t e m p e r a -  
t u r e  obtained f rom investigations of the Nottingham effect can  be checked by 
compar ison  with the corresponding exper imenta l ly  de te rmined  total  energy  
d is t r ibu t ions .  A p re l imina ry  investigation of the total  energy  dis t r ibut ion 
of f ie ld  emit ted e l ec t rons  f rom clean tungsten over  the t e m p e r a t u r e  range  
77 - 1059'K has  been repor ted  e a r l i e r 2 .  
reasonable  agreement  with contemporary field emis s ion  theo ry ,  have been 

These r e s u l t s ,  which showed 
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extended to the following crystal lographic  d i rec t ions :  [log , [I301 , 163, 

EXPERIMENTAL TECHNIQUES AND PROCEDURES 

The descr ipt ion of the energy ana lyzer  tube and its mode of opera t ion  
were  descr ibed  in an  e a r l i e r  r epor t2 .  
such a way that e lec t rons  passing through a lens  systemw.:rt: focused n e a r  
the center  of a hemispher ica l  col lector .  The e lec t rode  sys t em of the a n a -  
lyzer  consis ted of a n  anode , a lens e lec t rode  and a F a r a d a y  cage sur round-  
ing the hemispher ica l  co l lec tor .  The F a r a d a y  cage e lec t rode  was opera ted  
n e a r  ground potential  and ac ted  a s  a shielding e lec t rode  for  the hemisphe r i -  
c a l  col lector  (a l so  operat ing near  ground potential)  and accordingly reduced 
the effect of under s i r ab le  reflection inherent  i n - m o s t  re ta rd ing  potential  
ana lyze r s  . 

Br ie f ly ,  the tube w a s  designed in  

In p r a c t i c e ,  the anode potential V is constant  and  the focal length 

L ’  adjusted by varying the potential of the The total  energy  
and Vpt by varying the dis t r ibut ion cu rves  were  taken f o r  fixed values  of V 

cathode potential  between -4.0 and -5 .5  v ,  depending upon t e work function 
of the co l lec tor .  The ra t io  VL/VA is a c r i t i c a l  quantity and for  this  pa r t i cu -  
lar lens  sys t em bes t  r e s u l t s  were obtained with V 

ens  e lec t rode  V P 

/ V  L A  
= 0.0035.  

A small ex terna l  e lectromagnet  and in t e rna l  concent ra tor  were  used 
to deflect  the beam in o r d e r  to  position the emis s ion  f rom the des i r ed  
c rys ta l lographic  plane on the ape r tu re  of the anode e l ec t rode .  With th i s  
a r r a n g e m e n t  the tube could be used to m e a s u r e  both energy  dis t r ibut ions 
and work functions f rom different c rys ta l lographic  p lanes .  The I-V data  
f o r  work function m e a s u r e m e n t s  w e r e  obtained with the t ip  a t  -8  volts and  
a constant  r a t io  of V / V  L A  
lens  would be constant over  the voltage range ~ During the I - V  m e a s u r e m e n t s  
with magnet ic  def lect ion,  compensation of the magnet ic  c u r r e n t  m u s t  be p e r -  
f o r m e d  in o r d e r  to main ta in  a constant posit ion of the d e s i r e d  c rys ta l lographic  
plane on the a p e r t u r e  ove r  the voltage r ange .  
the fo rm of a Fowler -Nordheim plot for  two different  c rys ta l lographic  planes 
of tungsten as a function of tempera ture  a r e  given in  F i g u r e  1. 
t ions and energy  dis t r ibut ion and m e a s u r e m e n t s  w e r e  taken along a pa r t i cu -  
lar zone l ine a t  posit ions where the c u r r e n t  went through a maximum or  a 
min imum as a function of the deflection. This  allowed p r e c i s e  positioning 
of the des i r ed  plan on the ape r tu re  of the anode ove r  the voltage range  
covered  by the Fowler-Nordheim plo t .  F u r t h e r  ana lys i s  of th i s  data  will  be 
given in  a l a t e r  sec t ion .  

in o rde r  that  the e l ec t ron  t r a j e c t o r i e s  through the 

Analysis  of the I-V data  in  

Work func- 

The resolut ion - of this  analyzer  tube was es t imated  a t  10 m v  by D r .  
Van Oostrom’ . 
the  exper imenta l  and theoret ical  c u r v e s .  

Normal ly  resolution is  a sce r t a ined  by compar ison  
Unless  r igo rous  ana lys i s  

of 
of all 

4 



+ 345" 

x 504" 

(116) plane 

#77 = 4.265ev 

0 
0 

77°K 

+ 301" 

A 632" 
-16.0 - 

- I  5.0 - 

-14.01 I I I 1  I I 1  1 I I 1  I I 1  
5.0 5.4 5.8 6.2 6.6 7.0 7.4 7.8 

IIV x io4 

Figure  1. Fowler-Nordheim plots a s  a function of t empera tu re  f o r  two 
different planes of a tungsten emi t t e r .  

5 



fac tors  leading to the resolution l imit  can  be made  the la t te r  m u s t  suffice 
as an es t imate  of the resolut ion,  In our  c a s e  the emi t t e r  axis w a s  along 
the (100) axis which (as shown la te r )  displayed a n  anomalous energy  d i s t r i -  
bution shape;  t he re fo re ,  es t imate  of the bes t  resolution m u s t  be obtained 
f rom planes off axis using magnetic deflection. F igu re  2 shows the c u r r e n t  
through the electromagnet  required to cause deflection along the 110 zone 
line. Magnetic shielding around the tube reduced the e a r t h ' s  magnet ic  f ie ld  
to 0 ,  however ,  the magnetic field in the region of the collector was approxi-  
mate ly  0 . 2  gauss  a t  a beam deflection of 55' ( requi red  for  (1 11) m e a s u r e -  
m e n t s ) .  Although no quantitative calculations of the effect of magnet ic  field 
on the resolutionhaw been per formed,  i t  i s  believed a field of 0.2 gauss  can  
significantly reduce  resolut ion for  th i s  tube design. 
resolution for  planes off the emi t te r  axis range between 30 - 40mv with 
poores t  resolution a t  the highest magnet  c u r r e n t  as expected, Resolution 
i s  defined here  as the width of the theore t ica l  energy  distribution curve  a t  
the peak of the experimental  curve normal ized  such that the acceptance 
potentials and the low energy tails coincide 
not c r i t i ca l  except a t  low tempera tures  where s h a r p  peaks o c c u r ,  the r e s o -  
lution a t  maximum beam deflection w a s  adequate to investigate the energy  
distribution shapes a t  elevated temperatur  e s  , 

In the p re sen t  c a s e  

Inasmuch as resolut ion is  

THEORY 

Total Energy  Distribution 

In a n  earlier r epor t  the expression for the total  energy dis t r ibut ion 
given w a s  that  f i r s t  obtained by  Young and M u l l e r 4  based on a free e l ec t ron  
model  for  the field e m i t t e r ,  Since re ta rd ing  energy  ana lyze r s  of the type 
utilized in this  investigation m e a s u r e  total  energy distribution ( r a t h e r  than 
n o r m a l  energy  dis t r ibut ion) ,  i t  is p rope r  to compare  experimental  r e s u l t s  
with express ions  for  the total  energy dis t r ibut ion.  It can be readi ly  shown 
that the total  energy  of the emitted e lec t rons  E collected a t  sur face  of 
work function 8 m u s t  exceed 

C 

where  Ef is the F e r m i  energy and Vt is the bias  potential of the emi t t e r  e 

The collected cu r ren t  I is related to  the total  energy  distribution Pt (E) 
as follows: C 

I, = h m P t  (E) dE 
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F i g u r e  2. Magnet cu r ren t  I required to  deflect beam along the 110 zone 
of a 001 or iented tungsten emi t t e r .  
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and 

Thus ,  P t ( E )  can be determined from the gradient  of IC - Vt plots .  

Recent ly ,  m o r e  detailed derivations5 9 

of field emit ted electrons have been given for  a n  a r b i t r a r y  band s t r u c t u r e .  
It will be instruct ive to review these der iva t ions ,  s ince i t  is  known that the 
f r e e  e lectron model  is  not adequate for  tungsten 

of the energy  distribution 

7 - 1 0  

The t ransmiss ion  probability for  specular  t r ansmiss ion  (i , e  a , tan-  
gential wave vec tors  k 
norma l  to the b a r r i e r  depends only on the value of the ' lx-directed" energy  
in  the b a r r i e r  region.  
be writ ten in t e r m s  of the t r ansve r se  k-vector  k where 

and k, a re  conserved)  of a n  e lec t ron  with energy E, Y 

Transmiss ion  coefficient D (E -E) can  therefore  
Y Z  

YZ ' 

Eyz =I ( h k y ~ ) ~  = h2(k2y t k2J 
2m 2m 

11 which appl ies  for  a r b i t r a r y  band s t ruc tu res  . 
The total energy distribution i s  given by 

where  f(E) i s  the electron distribution in  k-space  
coordinates  k and 8 in the k and kz plane and express ing  the maximum 
value of k 

Introducing polar 

YZ P Y 
for a par t icu lar  polar angle 8 a s  %$(E ,op)  leads to 

YZ P 

' 0  '0 

where  the integral  i s  over  all regions of k 
energy  s t a t e s .  
of a constant energy sur face  projecteduppn - , J ~ i e  perpendicular  k,. 
The effect of band s t ruc tu re  on the distribution can be shown by writ ing 
equation 6 in  the fo rm 

corresponding to positive 
YZ . Thus ,  the integration of equatlon 6 i s  over  the "shadow" 

8 



where 
(8) 

m 2  4 ~ r m  e - fi kvz) and K=T 
h 

E - E - E  2 Eyz - 
YZ 2m 

x -  

m If Eyz  (E ,@p)  i s  sufficiently l a r g e  (which will be t rue  for  Fermi su r faces  with 
la rge  radi i  of curva ture  in  k-space) ,  the second interval  in  equation 7 can  
be neglected and P t ( E )  is  independent of band s t ruc tu re .  

Inser t ing the f i r s t  two t e r m s  of the WKB approximation 

D ( E ~ )  = exp Ep(~3 = exp Eb t C(E, - G i g  

expanded about a n  a r b i t r a r y  e n e r g y c l  into equation 7 leads  to 

( 9 )  

provided the quadrat ic  t e r m  of the WKB approximation can  be neglected 
and where 

b = 6 . 8 3  x l o 7  0'j2 v(y) /F (1 1) 

7 1 / 2  
(12) c = d - l  = 10.25 x 10 8 t ( y ) / F  ( e v - l )  

with F and 0 in  v / c m  and ev  respect ively.  

The integration of equation 10 can be  per formed by noting that the contribu- 
tion to the integration comes  from values of E. n e a r  E ,  so that letting 
E' = E and integrating yields:  

1 

Jo 
the second t e r m  of equation 1 3 ,  which mani fes t s  band s t ruc tu re  effects , 
is  neglible when Em /d 771. Normally, 2 does not exceed a few tenths e v ,  
therefore  only those m e t a l s  exhibiting F e r m i  su r faces  of small radius  of 
cu rva tu re  ( i . e . ,  small positive F e r m i  energ ies )  a re  likely to  lead to band 
s t ruc tu re  effects perceptable  in the total  energy distribution r e s u l t s .  

Y Z  

In the c a s e  of spher ica l  energy sur faces  where the effective mass  

9 



. 

m = y p  so that  Em = T c E ,  Stratton 5 r e w r i t e s  F i s c h e r 1 s 6  e a r l i e r  der ived  
C 

express ion  of P (ET% the fo rm t 

where Ef7O and the quadrat ic  t e rm of the WKB approximation can  be neglec-  
ted .  Again,  the t e r m  in b racke t s ,  which a r i s e s  f rom band s t ruc tu re  con-  
s ide ra t ions ,  is of impor tance  only when (Y Equation 14 r educes  
to the familiar fo rm f i r s t  derived by YoungC4 when the t e r m  i n b r a c k e t s  can  
be neglected.  
of a d imens ionless  parameter  p = k T / d  as  follows 

E / d < l .  

Under these  conditions,  equation 14 can  be expres sed  in t e r m s  

where E =  E-Ef  and the F e r m i - D i r a c  function has  been substi tuted for  f(E). 

On the bas i s  of  equation 14 Strat ton5 a l so  der ived the following e x p r e s -  
sion f o r  the e n e r g y e  
peaks : 

( re la t ive  to the F e r m i  level)  a t  which the dis t r ibut ion 
P 

where  

a l s o ,  an analyt ical  express ion  f o r  the  half-width d 
T=O in the fo rm of 

can be obtainedat  
1 / 2  

d 1 / 2  = 2.31og 
d 

At T 7 0  values  of the half-width mus t  be obtained by numer i ca l  o r  graphical  
m e a n s  d i r ec t ly  f rom equation 14. 

Work Function Measurements  a t  Elevated Tempera tu re  

Measuremen t  of the t empera tu re  coefficient of the loca l  work func - 
t ion is possible  by ana lys i s  of the I C - V  data  a s  a function of t empera tu re  
accord ing  to the Fowler-Nordheim equation. 
r ange  of O>p72 / 3 ,  can be writ ten in  the following f o r m :  

This  equation, valid over  the 

10 



where B and b l  a re  constants and P = F / V .  
obtained f rom a "Fowler  -Nordheim plot" of 

The instantaneous slope m 
l o g L / v 2  vs 1 / v  is 

a 

where s (y) = 0.95  1. At low tempera tures  (ie , small values of p) the 
apparent  slope becomes  

3 I 2  
rJ m = 2.83 x lo7 8 a 

P 

(1 - r p / t a n  rp) cannot be neglected the V 
2-73 When the cor rec t ion  t e r m  A = 

t empera tu re  dependent work function 8 (T)  re la t ive to the low t empera tu re  
(77'K) work function 8 ,  is 

where  (3 ( T )  allows for t h e r m a l  expansion of the emi t t e r  and is  approximately 
given by 

where  A r / r  can be obtained from the t h e r m a l  expansion coefficient of the 
e m i t t e r .  

Appropriate  values of V and p used in  A a r e  those midway in  the 
Fowle r  -Nordheim plot .  
the values of 8 ( T )  determined by equation 22  a r e  r igorous .  
excess ive  curva ture  in  the Fowler-Nordheim plots l imi t s  the applicabili ty 
of such graphical  methods  to values of p ) l / 2 .  However ,  this  l imitation 
is not s e r ious  s ince for  c lean tungsten, p = 112 cor responds  to a n  upper 
t empera tu re  l imit  ofk700 K ;  fu r the rmore ,  the onset of sur face  migra t ion  
of the emi t t e r  and consequent field build-up a l so  se t s  a n  upper t empera tu re  
l imi t  nea r  the l a t t e r  value,  

Within the validity of the Fowler  -Nordheim theory 
In p r a c t i c e ,  

0 
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RESULTS 

To ta l  Ene rgy  Distribution Me as u r eme nt.s 

Measuremen t s  of the total  energy dis t r ibut ion a r e  repor ted  for the 
( l o o ) ,  (130) ,  (1 16) ,  (1  12) and (1  11) planes of tungsten over  the t empera tu re  
range  77 to 900OK. C a r e  was  taken to  in su re  that no change in  work function 
o r  p due to contamination o r  f ie ld- temperature  induced build-up r e s  ect ively 
occur red  during a given run .  Values of I ranged f r o m  10-9 to a m p s  
depending on the loca l  @ and F Inasmuch a s  e lec t ronic  differentiation was  
possible  only f o r  IC 2 5 x 10- l '  a m p s ,  dis t r ibut ion cu rves  r epor t ed  he re in  
w e r e  obtained f rom graphica l  differentiation of x-y  r e c o r d e r  plots of 
IC vs Vie F r o m  the onset  of cu r ren t  collection and posit ion of dis t r ibut ion 
peaks ,par t icu lar ly  a t  p = 1 / 2  
re la t ive  to the vacuum leve l  of the co l lec tor  ( i e ,  - 8 ,  = Vt a c  cor  ding to 
Equation 1) w a s  s e t  a t  Vt = - 5.35 t 0 . 0 5 ~ .  

C 

the posit ion of the F e r m i  level  of the e m i t t e r  

- 

Typical  in tegra l  cu rves  f r o m  the x-y r e c o r d e r  plots  a r e  shown in  
An in te res t ing  phenomenon en -  F igu re  3 as  a function of t empera tu re .  

countered which caused  considerable  difficulty in  obtaining accu ra t e  graphi -  
c a l  differentiation in  the higher t empera tu re  (T750O0K) cu rves  of F igu re  3 
was the onset  of f l i cker  no ise .  F l icker  no i se ,  which i s  proport'iaml to I C ,  
s t e m s  f rom fluctuations in  the local sur face  potential  due to a tomic  m o v e -  
m e n t s  a t  e levated t e m p e r a t u r e s  # Fl i cke r  noise  was grea t ly  inc reased  by 
the p re sence  of small amounts  of gas  contamination and could be used as  
a c r i t e r i a  of the su r face  c leanl iness .  It was a l s o  observed  that f l icker  
noise  was m o r e  pronounced a t  a given t empera tu re  on the l e s s  densely 
packed planes of the e m i t t e r .  It i s  probably not su rp r i s ing  that f l i cker  
noise  i s  r a t h e r  apparent  a t  such low t e m p e r a t u r e s ,  s ince the t ip  a r e a  " seen ' !  
by the 1 mm probe  hole on the (100) plane i s  only 3 . 0  x 
approximately 30 a toms)  of su r face -  
out of 30 of the sur face  a toms  undergoing place change o r  movements  to 
me tas t ab le  posit ions is probably sufficient to cause  detectable f l icker  no ise  
in  the probe c u r r e n t .  In o r d e r  to graphical ly  differentiate in tegra l  c u r v e s  
a t  elevated t e m p e r a t u r e s  smooth cu rves  were  drawn through the r e c o r d e r  
plotted c u r v e s .  

crn' (or  
T h u s ,  a t  a given t empera tu re  1 a tom 

A fur ther  impor tan t  feature of the in t eg ra l  cu rves  of F igu re  3 i s  the 
out of the IC vs  Vt curves  a t  l a rge  - V and the absence of the wel l -  Fzd?5 d e c r e a s e  in  IC due to reflected p r ima&ies  a t  the collector occur r ing  

a t  higher p r i m a r y  ene rg ie s .  Although the impor tan t  p a r t  of the ene rgy  d i s -  
t r ibut ion cu rves  o c c u r s  within 1.5v, i t  was observed  that even a t  V = - 1Ov 
no d e c r e a s e  in  I 
e a r l i e r  energy  a n a l y z e r s ,  was necessa ry  for this  tube design.  

t 
occu r red  ; thus,  no co r rec t ion  for  re f lec t ion ,  which plagued 

C 

According to equation 15, shapes of energy  dis t r ibut ion cu rves  plotted 
Such theore t ica l  c u r v e s  aga ins t  E/d a r e  a function of only the p a r a m e t e r  p a  

12 
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a r e  shown in F igu re  4 fo r  various values of p normal ized  to give P (€) = 1 
a t  p = r / d  = 0 .  
nea r  Boltzman distribution of e lectrons above the Fermi level  a t  elevated 
t empera tu res  ~ 

and can be defined in  t e r m s  of an inversion t empera tu re  T" where 

t 
The leading edge of the curve a t  posit ive g/d s t e m s  f rom the 

Symmetr ica l  energy distribution c u r v e s  occur  a t  p = 1 / 2  

Thus ,  i f  charge  c a r r i e r s  conduct a t  o r  nea r  the F e r m i  level  T'k 
r ep resen t s  the t empera tu re  a t  which no net energy exchange accompanies  
field emiss ion .  As shown ea r l i e r2  experimental  values of T"a re  nea r ly  
a factor  of 2 l e s s  than the theoret ical  predictions of equation 24 ,  thereby 
indicating either deviations in  the energy  distribution of the emit ted e lec-  
t rons  f rom theory o r  the occurrence  of conduction a t  levels  below the F e r m i  
energy  level  

In o r d e r  to a s s e s s  whether the energy  distribution of the emit ted e lec-  
t rons  i s  a cause  of the fai lure  of the f ree-e lec t ron  model  to  descr ibe  the 
"Nottingham effect" r e s u l t s ,  the experimental  energy distribution cu rves  
a r e  given in  F igu res  5 through 9 .  The curves  for  each  plane are  given in 
t e r m s  of the p a r a m e t e r  p (corresponding to different t e m p e r a t u r e s  in th i s  
c a s e )  which r e l a t e s  F ,  8 and T in v / c m ,  e v ,  and OK as follows: 

1 / 2  
p = 8.82 x lo3 8 T t(y) 

F 

Excluding the (100) r e s u l t s ,  the shapes of the energy  distribution cu rves  as  
a function of p show c lose  s imi la r i ty  to the corresponding theoret ical  cu rves  
of  F i g u r e  4 .  The experimental  cu rves  have been normal ized  ver t ica l ly  such 
that theoret ical  and experimental  peak heights ma tch  n e a r  p = 0 . 3 .  
of E =  0 ( i e ,  Ef = - 8, = Vt) w a s ,  as  mentioned e a r l i e r ,  de te rmined  f rom the 
posit ion of the leading edge of the low t empera tu re  cu rves  and a l so  the point 
a t  which the cu rves  c r o s s .  
used  for  each cu rve ;  this  implies a constant 0, over  the cour se  of the r u n s .  
T h u s ,  small e r r o r s  i n  the position of €/d = 0 m a y  occur  due to  changes in  8, 
f r o m  contamination of the col lector .  

The value 

The value of Ef = Vt = - 8, = -5 .35 t 0.05 e v  was - 

According to theory  the values of Pt ( E )  on the t ra i l ing edge of the 
ene rgy  distribution cu rves  a r e  near ly  coincidental and independent of p .  
Th i s  fea ture  was not confirmed by exper iment .  F o r  the  (1  12) and (100) 
dis t r ibut ion cu rves  the values of P 
with t e m p e r a t u r e ,  whereas  for  the (130) ,  (1  16) and (1 11) planes only slight 
change was observed .  
of F i g u r e s  5-9 were  multiplied by appropriate  f ac to r s  to cause  the t ra i l ing 

- 
( 6 )  along the t ra i l ing edge inc reased  t 

Therefore ,  the  energy  distribution curve  for  each plane 

14 
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edges to m a t c h  a t  values of E/d -& 2 . 0  
cu rves  on semilog paper .  
trail ing edges of the energy  distribution cu rves  a r e  given in Table I .  

This w a s  facil i tated by plotting the 
The factors  requi red  to cause  matching of t h e  

TABLE I 

F a c t o r s  f by which - dIc/dVt data were  multiplied in  o r d e r  to  obtain 
over lap  of low energy  portion of curves  in  F i g u r e s  5 - 9 .  

P f P f P f P f P f 

0 .038 1 0.048 1.0 f = l a t  0.046 1 . o  0.050 1 . 0  
0.144 0.75 0.183 1 . 0  all p 0.175 0.83 0.187 0.85 

0.301 0.79 0.248 0 .54  0.301 1.0 values 0 290 0.59 
0.328 0.52 0.349 1.0 0 e 400 0.52 0.420 0.740 
0.382 0.46 0.485 1.35 0 e 460 6 .48  0.522 0.70 
0.447 0.435 0.584 1.35 0.558 0.40 0.587 .67 

According to equation 15 the r e l a t ive  coherency of the energy  dis t r ibu-  
tion cu rves  as a function of p is affected only by var ia t ions in  d and J 
In the present c a s e  where only tempera ture  v a r i e s  
o c c u r s  only through tempera ture  
Correc t ing  fo r  the apparent  change in  J 
not sufficient to account for  the f ac to r s  of Table I ; t h e r e f o r e ,  0 ( T )  var ia t ions 
m u s t  be invoked. 
and (130)) and negative (for the (110) and (1 12)) temperature  coefficients are  
requi red  to account for  the Table I f a c t o r s .  
ful ly  i n  the next sect ion.  

with p .  
0 

its affect on J and d 
0 variat ions of p,  the emitting a r e a  A and 0. 

and d by using p (T)  and A (T)  was  
0 

Calculations showed that both positive (for  the (1 11) (1 16) 

This will be d iscussed  m o r e  

To m o r e  fully compare  experimental  r e s u l t s  with theory  we have c o m -  
p a r e d  the half-widths d l / 2 9  the energy distribution peak heights h and the 
values  of E a t  the energy  distribution peak with theory in  F igu res  10-15. 
The  theoreTica1 cu rves  f o r  d l2  and h w e r e  obtained graphically f rom the 
ene rgy  distribution curves  o! Figure 4 .  The analytical  express ion  for$-  

P given inequat ion 16 was used with C = 0 in F igu res  14 and 15. 

In view of the s t rong sensitivity of peak heights and hence , half-width 
on the resolution of the analyzer  the experimental  half-widths a r e  expected 
to  be  l a r g e r  than theory ,  par t icular ly  at low t empera tu res .  F igu res  10 and 
11 tend to  b e a r  out these expectations for  all direct ions except the DO03 
w h e r e  significant d i sagreement  with theory  i s  observed .  The d isagreement  
of the exper imenta l  half-widths with theory for  the [log direct ion is caused  
by  the anomalous shoulder on the energy  distribution cu rves  about 0.35 e v  
below Ef .  We sha l l  now examine the experimental  a r t i f ac t s  to which the 
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distribution curves as a function of p. 
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shoulder on the (100) energy  distribution c u r v e s  m a y  be a t t r ibu ted .  

Two possible  explanations for the (100) r e s u l t s  a r e :  (1) patch fields 
a t  the col lector  sur face  and  (2)  e lectron opt ical  e f f e c t s ,  Pa tch  fields a t  the 
col lector  sur face  a r e  probably minimized s ince  sur face  roughness  w a s  r e -  
duced to l e s s  than 1 p by polishing methods  and gra in  s i zes  were  small com-  
p a r e d  to the sur face  a r e a  used to col lect  the e lec t ron  beam 
s imi l a r  r e s u l t s  were  obtained on two different col lector  su r faces  
patch f ie lds  should equally affect r e s u l t s  f rom all planes which was not the 
c a s e .  
examination of ene rgy  distribution c u r v e s  on ident ical  planes on opposite 
s ides  of the [loo] direct ion a s  much as 54O off t ip  ax i s  exhibited ident ical  

the nea r  future in  o r d e r  to 
effects leading to the observed  (100) r e s u l t s .  
the b a s i s  of the above-mentioned r e s u l t s  that  the observed  (100) energy  
dis t r ibut ion cu rves  a r e  not affected by tube a r t i f ac t s  

F u r t h e r m o r e ,  
F ina l ly ,  

E lec t ron  opt ical  2ffects due to misa l ignment  a r e  not l ikely s ince 

shapes .  An emi t t e r  with a or ientat ion w i l l  be employed in  the tube in  
fur ther  light on possible  e lec t ron  opt ical  

It is  bel ieved,  however ,  on 

The var ia t ion of peak heights h with p in  F i g u r e s  12 and 13 show good 
ag reemen t  with theore t ica l  expectations except a t  l o w  values  of p where  
resolut ion l imitat ions a r e  expected to d e c r e a s e  h values  
ag reemen t  even a t  low p is  noted for  the (100) r e s u l t s  which m a y  be indica-  
t ive of g r e a t e r  resolut ion when no magnet  c u r r e n t  i s  employed a s s u m i n g ,  
of c o u r s e ,  that  the anomalous shoulder does not affect  the var ia t ion of h 
with p .  

Surpr i s ing ly  good 

The dependence of the posi t ionfp of the ene rgy  dis t r ibut ion peaks 
re la t ive  to Ef  shown in  F i g u r e s  14 and 15 a l s o  a g r e e s  c lose ly  with the 
f r ee -e l ec t ron  model  of tungsten throughout the range  of p invest igated.  
Uniform ve r t i ca l  shif ts  of the experimental  points f rom the theore t ica l  
c u r v e s  shown in  (100) and (310) r e su l t s  i s  a t t r ibuted to  e r r o r s  in  posit ion- 
ing of E f ,  caused  by var ia t ions in 8,. 

WORK FUNCTION MEASUREMENTS AT ELEVATED 
TEMPERATURES 

As mentioned in  the previous sec t ion ,  i t  was n e c e s s a r y  to mult iply 
values  of pt, (E.) for  each  p by a n  appropr ia te  factor  in  o r d e r  to a t ta in  an 
ove r l ap  of cu rves  a t  t / d x - 2  These f a c t o r s ,  given in Table I ,  suggest a 
t e m p e r a t u r e  dependent work function with both posit ive and negative co  - 
ef f ic ien ts  
F i g u r e  1) a s  functions of t empera tu re  were  obtained f o r  the m a j o r  c rys t a l lo -  
graphic  d i rec t ions .  These plots were  analyzed according to equation 22  t o  
yield work function values ove r  the t empera tu re  r a n g e ,  The change in  p due 
to t h e r m a l  expansion did not exceed 0 .  1% and could be neglected.  In addi-  
t i o n ,  apparent  work function values were  c o r r e c t e d  for  the d e c r e a s e  in  p 
with angle 0 f rom the emi t te r  apex according to the empi r i ca l  re la t ionship 

To invest igate  this  fu r the r ,  Fowler-Nordheim plots ( s e e  

2 8  



Pool given by Dyke14. 
or iented emi t te r  a r e  given in  Table 11- 
fields throughout this  r epor t  a r e  co r rec t ed  according to the data of Table 11. 

The relat ive values of P fo r  var ious planes of a 
All the work functions and e l ec t r i c  

V a l u e s  of work function so obtained and their  t empera tu re  coefficients 
a r e  given in  F igure  16. In addition, a recent  measu remen t  of 8 (T) for the 
(1 10) plane by thermionic methods was  repor ted  to yield a t empera tu re  co -  
efficient of 14 x 10-5ev/deg which is interest ingly c lose  to the (1 12) r e s u l t s  
repor ted  h e r e .  
function t empera tu re  coefficients for  the low work function planes and l a r g e r  
negative coefficients for  the high work function planes 

The r e su l t s  for  tungsten suggests  small posit ive work 

In s u m m a r y ,  the work function t empera tu re  coefficient obtained by 
Fowler  -Nordheim plots substantiate the t rends  of the energy  distribution 
r e s u l t s  and show surpr i s ing ly  large negative coefficients fo r  the (100) and 
(1  12) d i rec t ions .  

TABLE I1 

Dec rease  in  field with angular increase  f rom tip apex e for[lOO]oriented 
emi t te r  (Ref.  14) .  
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Figure  16 .  Variation of work function with t e m p e r a t u r e  fo r  the indicated 
planes as determined by Fowler-Nordheim plots analyzed 
according to equation 22. 
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. .  
DISCUSSION AND RESULTS 

The theoret ical  considerations of the total energy distribution of field 
emit ted e lec t rons  f rom m e t a l s  given e a r l i e r  suggest tha t ,  except for  F e r m i  
sur faces  of small radi i  of curvature  o r  sma l l  mc /m in the c a s e  of spher ica l  
sur faces  , f ree-e lec t ron  theory (ie 
repor ted  h e r e  
F l q ,  Elgandf36Jdi rec t ions .  It should be emphasized, however ,  that a g r e e -  
men t  of experimental  energy distribution r e su l t s  with equation 15 does not 
necessa r i ly  substantiate the f ree-e lec t ron  model  for  the m e t a l .  Agreement  
with theory  basical ly  implies  the r ad ius  of curva ture  of the F e r m i  s u r f a c e ,  
ie  , the maximum value of E f o r  a given 0 
to neglect the band s t ruc ture  t e rm of equation 13 along a par t icu lar  d i r e c -  
t ion.  It is interest ing to speculate that the shoulder a t  Ef - 0.35 e v  on the 
energy  distribution curve a long  the [loo] direct ion is due to band s t ruc tu re  
effects a 

equation 15) is  adequate .  The r e s u l t s  
enera l ly  support  this  picture  for  tungsten along t h e c l l q  , 

and E ,  is sufficiently l a rge  
Y Z  P 

Although the exact picture  of the F e r m i  sur face  for  tungsten is not 
yet es tab l i shed ,  the salient f e a t u r e s ,  based on other  group VI m e t a l s  can  
be sketched. 
E O 6 J  , E113 a n d F 1 4  direct ions is  expected to be similar to that shown in 
F i g u r e  17 fo r  chromium.  The notation of Bouckaer t ,  Smoluchowski and 
Wigner16 is  employed and Figure 18 shows the Bril louin zone of the 
body-centered cubic s t ruc tu re  with corresponding labeling scheme The 
point a t  which the F e r m i  level  in te rsec ts  the bands along the var ious 
direct ions defines the F e r m i  surface in  k-space  A two-dimensional 
extended sect ion of the (100) plane shown in F i g u r e  19 suggests  c losed 
e lec t ron  and hole su r faces  centered o n r a n d  H respect ively.  
a small pocket of hole and electron su r faces  occur  a t  N and along the 
r - .H ( o r  ClOg)direct ion,  

According to Lomar9 band s t ruc tu re  of tungsten along the 

In addition, 

Lomar9  a l s o  suggests  extrema1 d iame te r s  along the r 1 1 q  d i r ec -  
tion for  the F e r m i  surface and k space  as  given in  Table 111. In addi- 
t ion ,  the ra t io  of the m e a s u r e d  F e r m i  sur face  area S to that  of a free- 
e lec t ron  sphere  S 
and negative charge  c a r r i e r s ,  n m e a s u r e d  for  tungsten a re  given in 
Table  1117 9 8 .  
m e t a l ,  i e ,  equal number of negative and posit ive charge  carr iers  ~ 

r e s u l t s  make  i t  c l ea r  that the f ree-e lec t ron  model  is not applicable to 
desc r ibe  bulk electron data of tungsten. 

containing 6 e lectrons and the number of posit ive 

In this  r e g a r d s ,  tungsten i s  found to be a compensated 

0 

These  
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Figure  17. Lomar  model  of t he  band s t r u c t u r e  of chromium (Ref. 9).  Tk 
other  group VI t ransi t ion m e t a l s  a r e  probably similar. 
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H 

Figure  18. First Bril louin zone of a body-centered  cubic s t ruc ture .  
L e t t e r s  indicate directions of rec iproca l  la t t ice  space used  
in  F igu re  17.  
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F i g u r e  19. An extended sect ion of the  (100) plane i n  r ec ip roca l  l a t t i ce  
space.  
states in a sepa ra t e  zone, and cor responds  t o  t h e  hatching of 
F igure  17. 

Each  direct ion of hatching indicates  the occupied 

The dots indicate hole reg ions .  
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TABLE I11 

Ext rema1 d iame te r s  (in rec iproca l  la t t ice  space)  of the F e r m i  sur face  
along [110] for  Tungsten 
(where r-H-2 x c m - l )  

Elec t rons  atrN1 x 10 8 cm-' 

8 Holes a t  H ~ 1 . 2  x 10 c m - 1  

Holes a t  "0.4 x l o 8  c m - '  

E lec t rons  on the (100) a x i s 4 . 2  x l o 8  cm" 

s / s o  = 0.111 (Ratio of Fermi sur face  to f r e e  e lec t ron  sphere  
containing 6 electrons7)  

n = 0 . 0 7 8  (number of posit ive and negative charge  c a r r i e r s  7 ) 

The important  point to be m a d e  f rom the expected F e r m i  sur face  
s t ruc tu re  is that only the [ l O q  direction h a s  possibi l i t ies  of per turbing 
the energy  distribution r e s u l t s .  
Fermi sur face  and small pocket of e lec t rons  a l o n g r - H  of F igu re  19 which, 
according to F i g u r e  17 has  a depth of only - -2  e v  below Ef .  One is 
the re fo re  tempted to speculate the shoulder on the exper imenta l  energy  
distribution c u r v e s  in  the [loo] direct ions m a y  be caused  by the abrupt  
terminat ion of the electron pocket a l o n g r - H  a f e w  tenths e v  below Ef 

P followed by a shift to energy sur faces  with l a r g e r  Eyz f o r  a given 0 
as  e lec t rons  a r e  emit ted f r o m  su r faces  of lower constant E .  The validity 
of the l a t t e r  a rgument  awai ts  fur ther  verification of the detai ls  of the 
energy  sur face  a t  and below the Fermi level .  

This  follows f r o m  the highly curved  

m 

The appearance of both positive and negative t empera tu re  co-  
efficients d0 /dT for  the work function m a y  be in te rpre ted  as  fur ther  
evidence of band s t ruc tu re  effects.  This  cannot be s ta ted for  ce r t a in  
until all effects leading to a tempera ture  dependent work function a r e  
evaluated.  
magni tude e s t ima tes  by Herr ing17 
to  d@/dT  we shal l  be interested in  those t e r m s  which can  lead to a 
d @ / d T  of e i ther  s ign.  
specif ic  heat  m a y  contribute a t e r m  to d@/dT  of e i ther  s ign.  
bulk e lec t rons  a r e  t r ea t ed  a s  non-interacting and occupying a continuum 
of levels  of density N(E) pe r  unit ene rgy ,  the levels  being independent 
of t e m p e r a t u r e ,  the s tandard theory for  a degenerate  F e r m i  g a s  gives 

These  effects have been summar ized  and given o r d e r  of 
Of the seve ra l  t e r m s  contributing 

According to  Her r ing  the effect of e lectronic  
If the 
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thus 

- -  dQ e 
dT dT 
- -  - 

1 / 2 )  fo r  f r e e  e lec t rons  ( i e ,  N ( E ) K E  , 

which is ord inar i ly  very  small. However ,  for  t ransi t ion m e t a l s  the exis tence 
of n a r r o w ,  par t ia l ly  filled d bands m a y  great ly  a l t e r  both the sign and magni -  
tude of N(E) in equation 27. This can be i l lus t ra ted  for  a near ly  filled bandl8  
where  

and where EH is the highest energy in  the zone.  
F e r m i  levels  a f e w  kT f rom the top o r  bottom of the band (par t icu lar ly  nar row 
d-bands) N ( E )  can be expected to va ry  considerably f rom f ree-e lec t ron  theory  
due to differing E - k  relat ionships .  

In gene ra l ,  fo r  m e t a l s  with 

It is interest ing to speculate that the negative d @ / d T  values observed  

Examination of the expectant s t ruc tu re  of 
along a P O 0 3  , r.123 a n d p l g  directions m a y  a r i s e  f r o m  nea r ly  filled nar row 
d bands along these direct ions.  
tungsten given in F igu re  17 suggests such possibi l i t ies  exis t  along the [llg 
and EOqdirec t ions  where near ly  fi l led d bands o c c u r .  F u r t h e r  theore t ica l  
s tudy of other  t e r m s  , pr imar i ly  those a r i s ing  f rom latt ice expansion, w i l l  
be needed in o r d e r  to understand the importance of band s t ruc tu re  effects 
on d Q / d T .  

SUMMARY AND CONCLUSIONS 

The close agreement  of the energy  distribution cu rves  with f r e e -  
e l ec t ron  theory over  wide tempera ture  ranges  for  m o s t  crystal lographic  
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direct ions i s  probably not a stringent t e s t  of the f r ee -e l ec t ron  model  in  view 
of the insensit ivity of f ie ld  emitted e lec t rons  to spec i f ic  band s t r u c t u r e  e f f e c t s .  
That the f ree-e lec t ron  model  is not valid f o r  tungsten i s  suggested by an 
anomalous shape in  the energy  distribution cu rves  in the EOOT]direction and 
verified by a var ie ty  of solid state m e a s u r e m e n t s .  
ence of both positive and negative t empera tu re  coefficients along different 
crystal lographic  direct ions can  tentatively be at t r ibuted to  band s t r u c t u r e  
effects.  
m e n t  of the Nottingham effect  with theory can be attr ibuted to an  enhanced 
lowering of the charge  c a r r i e r  levels with t empera tu re  fo r  the non f r e e -  
e lectron tungsten e m i t t e r .  

In addition, the o c c u r r -  

These  r e s u l t s  strongly suggest that  the e a r l i e r  observed  d isagree-  
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